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Abstract
An experimental investigation of the tangentiaì drag
of an axially oscillating cylinder is presented. Deep-sea
mooring cables are oscillated sinusoidally at ocean wave
amp 1 i tudes and frequenci es, and experi menta 1 values of the
tangential (friction) drag coefficient are obtained. The
experimental values of the drag coefficient are compared
wi th values predi cted by the exact sol uti on to the Navi er-
Stokes equati ons for a smooth cy1 i nder in 1 ami nar flow.
The experimental data reports drag coeffi cient val ues that
are consistently higher than those predicted by the laminar
theory. An attempt is made to interpret the di screpanci es
in terms of the effects of roughness and/or turbulence.
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NOTATION
A or Ai (i th) osci 11 ati on ampl i tude
cyl i nder radi us, a
Ci, C2 constants
CT
D
d
Fh
Fi
Fm
FT
fCaa)
h
tangenti a 1 (fri cti on) drag coeffi ci ent
pull ey di ameter
cyl i nder di ameter
force amplitude measured at high water level
force amplitude measured at low water level
force amplitude measured at middle water level
tangenti a 1 drag force
t
Ni (aa) /No (aa)
characteristic height of cylinder surface
roughness
1..1, "imaginary number"
; a2, separation constantk2
1
lh..l
test sample length
total test sample length between high and
low water levels
lh-m total test sample length between high and
mi dd1 e water 1 evel s
1m-i total test sample length between middle
and low wa ter 1 eve 1 s
inverse function of No(x)
average needl e beari ng frequency
instantaneous needl e beari ng frequency
No-i(x)
na
ni
nt turbul ence frequency
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:'" ,l
q
RE
Re
ReA
Re
a
(r, e, z)
SIN
s
T
To
t
Vo
(Vr, Ve, Vz)
a2
Ô
ii
'?
p
Trz
w
h , roughness rati 0
a
lithe real part ofll
Reynolds number
A2w = A2a2, Reynolds number us i ng A
v
a2w = a2c¿2, Reynolds number using a
v
circular cylindrical coordinates
peak FT/peak Fi, si gnal to noise ratio
area of cyl i nder surface roughness per
uni t 1 ength
osci 11 ati on peri od
tension in test sample
time
Aw, peak cylinder velocity
velocities in circular cylindrical coordinates
w
v
boundary 1 ayer thi ckness
viscosity (of water)
kinematic viscosity (of water)
density (of water)
sheer stress on cylinder (due to axial flow)
asci 11 ati on radi an frequency
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I. INTRODUCTION
A. Problem Statement and Motivation for Study
An experimental study of the tangential drag of an axially oscilla-
ting cylinder is presented. The oscillating cylinders are deep-sea mooring
cables forced in the axial direction at amplitudes and frequencies normally
encountered in ocean moöri ngs. No attempt is made to study the fi ne structure
of boundary 1 ayers or to perform extensi ve mathemati ca 1 analysi s of the
flow conditions. Comparisons are made, however, between the forces pre-
dicted by a simple solution to the Nav;er-Stokes equations for the laminar
case and the measured, experimental forces.
The moti vat'¡ on for studyi ng the tangenti a 1 drag of an ax; ally osci 11 a-
ting cylinder comes from two sources: first, from an interest in deep-sea,
surface mooring dynamics and, secondly, from the lack of adequate analytic
or experimental study of the specific problem. My interest in the problem
comes primarily from the first motivator, the field of mooring dynamics.
It has been found in recent years that (oceanographic) surface moorings have
a reliability of 54% compared to a reliability of 90% for subsurface moorings
(Walden and Panicker, 1973) and that current velocities recorded by current
meters pl aced at the same depths on surface and subsurface moori ngs indi cate
current energies that are consistently greater for surface than subsurface
moorings (Gould and Sambuco, 1975). Hong (1972), in a mooring dynamics
study, finds that a reliable estimate of the tangential drag coefficient
is essential for determining the dynamic forces in surface moorings, with
the frequency response functi on of the moor; ng bei ng heav; ly dependent on
~8-
the choi ce nf val ue of the tangenti al drag coeffi ci ent. Goell er and Laura
(1971) also find the choice of tangential drag coefficient to be important
as it has a significant effect on reducing dynamic forces in the vicinity
of resonance. From these pi eces of evi dence, it appears that surface
moori ng dynami cs, due to the sea surface boundary condi ti on of the structure,
are important to structural design and reliability and to oceanographic data
qual ity.
B. Previ ous work
From s tudi es, such as the four ci ted above, re1 ated to energy trans-
fer from the sea surface to the moori ng 1 i ne, it has. become apparent that
several parameters in the analysis are not \lJell-known. Tangential lIexterna111
damping coefficients are not the only ambiguous quantities, but lIinternaP
material damping parameters of synthetic line (Hong, 1972; Goeller and
Laura, 1971) are also unknown but impÇlrtant to the problem. A study that
compares actual moori ng moti ons wi th computer-predi cted moti ons (Pani cker
et al, 1974) seems to show that, indeed, tangential drag on the mooring sys-
tem has the tendency to reduce peaks at the natural frequency of the sys tem
in the case of the acceleration response. But, at best, it is possible to
assign a tangential drag coefficient that is the value determined for cables
or cylinders in uniform, axial flow. A tangential drag coefficient that is
(osci 11 ati on) frequency and amp 1; tude dependent does not exi st to date
(Yamamoto et al, 1974; Hong, 1972) and computer programs for mooring dynamics
(Goodman et al, 1972; Kaplan et al, 1972; Sargent et al, 1972) presently use
a tangenti a 1 drag coeffi ci ent that; s frequency and amp 1 i tude independent.
-9-
In regards to theoreti ca 1 background, a related problem that has
been solved for many years is that of the flow near an oscillating flat
plate; Stokes. second problem (Schlichting, 1968). An exact solution of
the Navier-Stokes equations can be performed for this case. For the axially
oscillating cylinder, the analytical expression for the flowfield near the
cylinder has recently been presented following Stokes (Stokes, 1901;
Casarella ~nd Laura, 1969; Hong, 1972). The Navier-Stokes equations,
expressed in circular cylindrical coordinates, are solved for the laminar
flow case. Using the laminar flow results, Yamamoto (Yamamòto et a1, 1974)
estimates the skin friction coefficient for axially oscillating cables.
Assumi ng that curvature effects of cables are small, Yamamoto proceeds to
derive an expression for the skin friction coefficient for the cable in
turbulent flow conditions, based on the boundary layer of a flat plate.
Thi s is, to date, the extent of the theoreti cal work done for the flow near
an axially oscillating cylinder. The laminar flowfield has been amply
treated but the same is not true of the turbulent flowfield, probably the
more 1 i ke ly condi ti on for deep-sea moori ngs due to cable roughness factors
and the fact that (large) normal flows and cable strumming are also typical
of the flow condi ti ons.
C. Method of Study
As stated above, the author does not intend to perform a mathematical
study of the problem, but, rather, an experimental study. It was fel t that
a good experimental study of the problem would yield information that was
much needed by and directly useful to those in the mooring dynamics fiel d.
..10-
Further, the cylinders that are studied here are real mooring cables rang-
ing from jacketed wire ropes to various sizes and types of synthetic lines.
An experimental study of an ideally smooth cylinder would be of more value
to the theoreticians but of less value to those designing mooring systems.
It was felt that the jacketed wire rope came as close to being an ideally
smooth cylinder as would any real-life engineering material.
The amplitudes and frequencies of oscillation chosen here also
attempt to approximate the field conditions for deep-sea moorings. Sinusoidal
oscillations ranging from 2.8 seconds to 18.5 seconds in pel'iod and .1
meter to .5 meters in (s i ngl e) amp 1 i tude were used. Even 1 arger osci 11 a-
tion amplitudes would have been used had it been practical. A Scotch
yoke driving mechanism produced the sinusoidal oscillations, and data was
taken using a strain gage ring dynamometer to measure force, a potentio-
meter to measure di spl acement, and stri p chart and FM tape recorders for
recording the data. The strip chart records were then analyzed, producing
one set of results. The FM tape was played into another chart recorder,
and that strip chart record (of much better qual i ty than the fi rst) was then
analyzed. If a spectral analysis of the data or a digitized data record is
ever desi red, the FM tapes can be used in conjuncti on wi th the computer to
pbtain this information.
Following a presentation and analysis of the data, comparisons are
made between the experimental results and theoretical predictions using the
Casarella and Laura (1969) predictions for the comparison.
..11..
II. MATHEMATICAL ANALYSIS
As stated above, it is not the author's intention to perform an
extensive mathematical study of the tangential drag of an axially oscilla-
ting cylinder. But one mathematical description of the flowfield will be
presented here for 1 a ter compari son wi th the experimental data. The
assumptions inherent in the description and suggestions for future work will
then be discussed. Finally, a dimensional analysis of the problem will be
performed for later use with the experimental data.
A. Linear analysis - Exact solution to the Navier-Stokes equations
Casarella and Laura (1969) have presented an analytical expression
for the viscous drag on a smooth rod undergoing axial and torsional oscilla-
tions. The following method of analysis comes originally from Stokes'
work (Stokes, 1901) and only more recently from their work as applied to an
infinite cylinder of radius (a) that is undergoing pure axial oscillations.
Expressing the Navier-Stokes and continuity equations in circular cylindrical
coordinates (r, e, z) leads to the four equations given in Appendix 1. The
following equations result after assuming that the flowfield is independent
1) of z because the cylinder has infinite length and 2) of e due to symmetry,
that Vr and its derivatives with respect to r are zero because of the boundary
conditions at the cylinder (Vr = 0 at r = a) and the continuity equation,
and that Ve and its derivatives with respect to r are zero, also by symnetry:
(1) r2 a2V + r aV ~ 1 r2 aV = 0z z _ zar2 ar \l rt
-12..
By separating variables and letting V = RCr) T(t) we find that
z
(2) TCt) = e iwt j
the separation constant k2 has a value
(3) k2 = ia2
(4) a2 = w
\1
and
( 5 ) r2 d 2 R + r d R - k 2 r2 R = 0 t
dr2 dr
since avz.= iwVz' The general solution to equation (5) is in terms of
.~
Kelvin functions (Cars1aw and Jaeger, 1959) so that
(6) RCr) = Cilo(kr) + C2Ko(kr)
where Ci and C2 are constants The total sol uti on becomes
(7) VzCr,t) = R(r) T(t) = eiwt (Cìlo(kr) + C2Ko(kr))
The two boundary condi ti ons are
(8) Vz(a,t) = Vocos wt
(9) Vz(oo,t) = 0
App lyi ng the boundary condi ti ons we fi nd that
(1 0) V z ( r , t) = RE r V 0 e ì w t Ko ( k r ~
L Ko(ka):J
where RE signifies lithe real part of 
ii 
, The tangential drag force per unit
1 ength becomes
(11) F(a, t) =
-i- ..2'Ia Trz
r=a
= ..2'Ia¡. avz
ôr r=a
.. 13.,
o a tCa. t) "HE r 2~a~k yoeiwt K1 tkaiJ
:- L ~ lkaì'
Now, using the relationships (Abramowitz and Stegun, 1968)
(3) sl (Ko(kr)) = -k Ki (kr)
dr
(14) .9 tKi (kr)) = -k Ko (kr) - i Ki (kr)d
and
(15) . Ko (kr) = No (ar)e i 4io (ar J
i ij Car)(16) Ki (kr) = iNi (ar):e i
equati on (9) becomes
(17) F(a,t) = 2iraiia Vo Ni (aa) cos (wt + 4ii ar - 4io at' - ir)1 4No (aa )
If desired, the above equations can be simplified if aa~~l. Using
asymptoti c expansi ons (Abramowi tz and Stegun, 1968) for Np (aa) and ~p (aa)
and neglecting terms of order l/z or smaller, equation (17) becomes
(18) F(a,t) = 2iraiia Vo cos (wt - 31r)1 4
The results obtained above are in exact solution of the Navier-Stokes
equations for laminar flow. No assumptions about the size of the oscilla-
tion amplitude or any other parameter have been made. But the question
then arises as to whether the flow is always laminar. A stability analysis
of the governing equations would help to indicate if and under what conditions
..14",
turbul ent flow mi ght occur. Unfortunately, stabi 1 i ty theory for the case
at hand has not yet been developed (Orszag, 1975). The inside-out case,
the stability of Poiseu"ile flovl, has been studied to some extent (Grosch
and Salwen, 1972), and the stability of the incompressible boundary layer
of a flat plate in a mean flow undergoing small perturbations has also
been the subject of consi derabl e research (Obremski et al, 1969). So as a
stability ~nalysis of the flow near an axially oscillating cylinder does
not exist and is beyond the scope of this paper, discussion on the possibility
of a turbulent flowfield near the cylinder must resort to qualitative
reasoni ng and specifi c reference to the experiments performed for thi s work.
The most obvi ous experinienta 1 cause for turbul ence is the roughness
of the oscillating cylinder, Unlike the ideal cylinder in the equations,
real cylinders and especially real mooring line materials have surface rough-
ness of varying degrees One might expect that, turbulent flow aside, the
tangential drag of an oscillating mooring line would be greater than that
of a perfectly smooth cyl inder. But at what poi nt the rough surface becomes
a turbulence stimulator is a very good question. Using another line of
reasoning, a deep-sea surface mooring would sometimes have a turbulent flow-
field in the axial direction because many moorings not only undergo axial
oscillations but also are moored in a flow normal to the mooring line (i.e.,
currents). If the Reynolds number describing the nonnal flow Re = VD
v
becomes suffi ci ently h,i gh that turbul ent flow occurs in the normal di recti on
(with cable strumming also occurring at times), it is highly improbable that
the flowfield in the tangential direction would remain laminar (or unifonn).
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If the flowfield is turbulent, the equations describing the flow
become very complex and cannot be solved easily. Yamamoto (Yamamoto et a1,
1974) avoided the difficult equations, asserting that since curvature
effects of mooring cables are small for laminar flow, flow over a flat
plate will give good estimates of the tangential (friction) drag coefficient
on a cylinder (mooring line) for turbulent flow as well. It is doubtful,
though, that the assertion about small curvature effects is always true for
real moortng material s. For the statement to be true, one must presumably
find that the ratio of boundary layer thickness to line radius is much less
than one, or
(19) ô 0(0( 1
a
Using Yamamoto's definition of boundary layer thickness (also see Schlichting,
1968) i.e., the distance at which the fluid velocity becomes 1% of that of
the cylinder, and the frequencies, line radi'¡, and kinematic viscosities
encountered in the experiments performed here, the following calculations
result:
The boundary 1 ayer thi ckness ô is defi ned as
(20) t = ~ No -IC .01 NoCoa))J -a
where
.0165 ft. 0( a 0( .. 041 5 ft.
1.07 X 10-5 ft.2/s 0( v 0( 1 31 X 10-5 ft.2/s
2.244 rad. /s340 rad.ls 0( w 0(
",16-
So for
Y;i
aamin :: C.0165 ft.) (.340 rad.(s J
1.31 x 10-5 ft.2/s
:: 2.65
- 1
- a mi n
I/:i.
aamax' = (.0415 ft~) r2.244 rad./s J
L1.07 X 10-5 ft.2/s J
:: 1 9. 00
- 1
- a max
From tables (Abramowi tz and Stegun, 1968),
No(a1min) :: .1143
No(almax) = 4.187 X 10-7
.01 No(a1min) :: 1.143 x 10-3
.01 No(a1max) = 4.187 x 10-9
No-l() .143 x 10-3) ~ 8.5
No-l(4.187 x 10-9) ~ 32
6min = (1 (8.5) - .0165) ft. = 3.6 x 10-2 ft.
:: .
"'mi n
6max = eii (32) - .0415) ft. :: 2.838 X 10-2 ft.
amax
(6 ) ~ 2. 2a min
(6 ) ~. 7a max
..17-
Ô .;-c 1 is not satisf"ied .
a
So it seems safe to conc1 ude that compari ng the f1 owfi el d around
the cylinder to that of a flat plate is risky at best. And until a
stability analysis is performed for the equations governing the axially
oscillating cylinder, it will remain uncertain as to whether a turbulent
fl owfi e1 d woul din fact be formed.
In conclusion, the main shortcoming of the mathematical analysis
that exists to date for the axially oscillating cylinder is the lack of
mathematical understanding of turbulent flow. A stability analysis of the
prob 1 em wou1 d at 1 east 1 et us know whether or not turbul ence mi ght occur.
And, secondly, in a more experimental vei n, a better understandi ng of the
effects of cylinder roughness on the tangential drag coefficient would be
very helpful.
g. Dimensi anal ana1ysi s
In order to better undel"stand the problem of the axially oscillating
cylinder, a dimensional analysis of the problem will be performed here.
Such an analysis is useful in choosing suitable dimensionless parameters for
Compai"i ng experimental data and ana 1yti cally predi cted quanti ti es. These
dimensionless quantities characterize the problem. In the following analysis,
we will find that the problem is defined by six dimensional parameters less
three fundamental un'is, leaving three dimensionless parameters to be defined.
The six dimensional quantities defining the problem are an amplitude
A, the cylinder radius a, density p, viscosity ~, and force F. The three
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fundamenta'i units (of which the six dimensi,onal quantities are made) are
mass, length, and time, leaving three dimensionless parameters to describe
the flowfield. One dimensionless parameter has already been defined by
the analytical solution to the problem, i.e., aa == al ~ , and if we define
v
a tangential drag coefficient CT as the second parameter, we find the
third parameter in the following manner: CT is defined as
(21 ) C == (F T/ 1 )T
p1T2a (Aw2)
and
(22) f(aa) == Ni (aa)
No (aa ì
so
C = 1T2allAw2 f (aa)T
1Tp a (Aw) 2
(23) CT == 2a 1 f(aa)
-A aa
One may also develop CT so that
l24) C :: 2 f (a a )T Aå
Now, from the two equations (23) and (24) above, the third parameter can be
expressed in two di fferent ways.' The thi rd parameter can be the ratio of
the line diameter 2a to the oscillation amplitude A; 2a/A; or it can be the
square root of a Reynol ds number Aa where Re = A2w/v = A2a2. The parameter
derived from the mathematical analysis aa is also the square root of a
..1 g..
Reynolds number Re = a2a2, and depending on which of the two so-called
Reynolds numbers has more meaning in the context of data comparisons and
analysis, either could be chosen as the abscissa for plots of CT' If
aa were chosen, then CT A/2a woul d be plotted versus Re = a2a2. If
Re =A2a2 were chosen ~ then the ordi nate woul d be CT and f(aa) woul d be
an implicit factor as CT would not be a function only of Re = A2a2. But
in either case, the problem has been defined by three and only three
dimensionl ess parameters.
In the context of experimental data, two ~dditions to the dimensional
analysis come to mind. The analysis outlined above pertains to an ideally
smooth cylinder in laminar flow. Given experimental data and a suspicion
that roughness or turbul ence coul d be havi ng an effect on the resul ts, it
would be desirable to isolate one effect from the other or to conclude that
discrepancies between experimental data and theory were due solely to
experimental error. It is impossible to perform a rigorous dimensional
analysis incorporating roughness and turbulence effects because, unlike the
previous dimensional analysis, there is no theoretical framework into which
we can fit roughness and/or turbulence parameters. Hence, a qualitative
dimensional analysis for roughness and turbulence will be presented and
further disucssion will take place in Chapter iv in the context of data
analysis.
Roughness may be characterized by either one or two quantities in
addition to the original list of six dimensional quantities discussed above.
At a minimum, some sort of height parameter h characterizing the surface
roughness would be included, and a dimensionless parameter that might
-20-
result ~lOul.d be the ratio of roughness height h to cylinder radius a, the
roughness ratio q = h/a. For a more complete description of the rough-
ness, a second dimensional quantity dealing with the amount of surface
area per unit length s occupied by the roughness could be added to the
list of seven dimensional quantities. This would create a fifth dimension-
less ratio, probably a ratio of roughness surface area to total surface
area of the cylinder or s/2TIa. The exact mathematical relationship among
the five dimensional quantities CT, Aa, aa, h/a, and s/2TIa cannot be
determined without additional mathematical theories or, perhaps, experi-
menta 1 da ta.
Turbulence is more difficult to describe in a dimensional analysis
than is roughne~s. Again, without theory or experimental data, an exact
mathematical analysis is impossible. But one might think about the
quantity that best characterizes a turbulent flowfield. Usually a Reynolds
number is used to i ndi cate whether or not a fl owfi el d shoul d be turbul ent.
But such a Reynolds number is used with hindsight, usually from experimental
observations. In the cases of (tangential) flow near a flat plate or in
a pi pe, the fri cti on drag coeffi ci ent increases when transi ti on and turbul ence
occur, producing curves of CT versus Reynolds number that also have shallower
slopes than in the laminar flow case (Schlichting, 1968; Hoerner, 1965).
Roughness produces sti 11 shallower curves and 1 arger drag coeffi ci ents.
Further discussion of turbulence and roughness will occur in conjunction with
the experimental data.
..21-
III. THE EXPERIMENT
A description of the experiment follows and consists of three parts:
the overall configuration of the system, a description of the measuring
and data-recordi ng components of the system, and the desi gn corisi derati ons
involved in choosing the system described here.
A. Configuration
The expe ri menta 1 sys tem is des i gned to make a fo rce di ffe rence
-
measurement by measuring the force while oscillating a cylinder with no
w~ter around it and then again when it is immersed in (fresh) water.
Fi gure 1 shows the experimental set-up. The mai n system components are
a cylindrical, vertical axis tank in which are mounted four large pulleys,
two at the top and two at the bottom of the tank, a continuous test sampl e
of mooring 1 ine that goes around the pull eys, a Scotch yoke that forces
the line to move sinusoidally, a strain gaged ring dynamometer placed in-
1 i ne in the forci ng rod between the Scotch yoke and the test sample, and
various data l"ecording devices. The vertical tank is about 12 feet high
and 5 feet in di ameter wi th one base on the ground next to the ßl ake
Building at the l!oods Hole Oceanographic Institution (see Figures 2 and
3). The tank is approachable at its top by means of a ramp leading to the
building. The Scotch yoke is mounted on the ramp next to the tank top
and a forcing rod extends out over the tank to its attachment point on the
rope. The attachment poi nt occurs at the juncti on of the blO ends of the
rope, which are held together in tension by means of turnbuckles. In-
line ~"ith the forcing rod -is an aluminum loop upon which are mounted four
..22-.
strain gages. The water level in the tank is first adjusted to barely
cover the two pulleys mounted on the bottom of the tank. The fi rst set
of tests is then performed for the given rope sample, using the oscilla-
tion frequencies and amplitudes that have been chosen. The water level is
then increased until it is just below the top two pulleys, and the oscilla-
tions are once again performed, giving the second set of tests for that
sample. The strain gage dynamometer measures the force needed to oscill ate
the whol e system of the pull eys and the rope, and the di fference between
the forces necessary to move the rope through the water and through the
air is the tangential drag force on the rope.
Precise dimensions and specifications of the system are as follows:
the tank height is 12.0 feet and its diameter is 5.3 feet. The pulleys
are 11.6 inches in diameter and are made of PVC (polyvinylchloride) that
is 1 inch thick. They run on 1/2 inch stainless steel shafts and sixteen
1/8 inch stainless steel needle bearings. Two collars hold the needles
in their housings in each pulley (see Figure 4). The pulleys were designed
to be as frictionless as possible.
Each test sample of line was cut to a precise length. The line was
kept under about 50 pounds of tens ion to precl ude tr.ansverse vi brati ons
in the two, long, vertical sections of line. The tensioning was performed
by the turnbuckles holding the rope ends together, and cutting exact, pre-
ca 1 cul ated rope 1 engths was very important. As the syntheti c 1 i nes tended
to stretch, thei r cut 1 engths were shorter than those of the same di ameter
wi re rope to allow room for stretchi ng. The rope ends were termi nated by
potti ng them wi th epoxy in 1 inch 1 engths of thi n-wa 11 ed, 1 inch di ameter
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tubing. It was then possible to drill a hole through each tei~ination and
insert a threaded rod for attaching the turnbuckles (see Figure 5). The
separations between pulleys and change in water level are given in Figure
1. From these distances, we see that the actual change in water level,
or one-half the 1 ength of 1 i ne over whi ch we meas ure hydrodynami c drag,
is 20.75 feet/2 or 10.38 feet.
The Scotch yoke drives the system through a forci ng rod that is
about 5.5 feet long. This "rod" is a very light weight (.43 pounds) aluminum
tube that is 1 inch in diameter. One end is attached to the test sample
and the other to the strain gage loop which is about 4.5 inches in diameter.
On a diameter, across from the forcing pipe, the loop is attached to the
Scotch yoke i tse 1 f and the forci ng rod is thereby conti nuous . The di s p 1 ace-
ment of the center of the yokei s measured by a rotary potenti ometer that
is turned by gears running along a chain. The potentiometer (displacement)
and strain gage loop (force) outputs are recorded on a two-channel strip
chart recorder and on two of four channels on an FM tape recorder. The
third tape channel is used for a time code from a time code generator, and
the fourth channel is used for a voi ce record.
B. Meas urements
Four strai n gages mounted on a loop are used to measure the force
required to oscillate the rope (see Figure 6). The loop is aluminum 7075 T6
with a yield strength of 70,000 pounds per square inch. The important force
measurement in this experiment is the difference in force measurements betiveen
the high and low water level tests foi~ each rope sample. In that this force
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difference may be as small as 5-10% of the total measured force at either
water level) it is necessary to approximately estimate the expected total
force, excepting the drag, i.e., inertia forces and friction forces plus
the other nOh-drag forces that occur. When these forces have been predi cted,
it then becomes possible to design the strain gage loop to be as sensitive
as possible and strong enough to prevent failure or inelastic behavior over
the given force range. The smaller the range (and the inertia and friction
forces) the better, and, for this experiment, a range of 0-15 pounds (with
10 pounds a more realistic maximum and 15 pounds a safer ma-ximum) was pre-
dicted and used. Appendix 2 gives the calculations made for this prediction
and Appendix 3 gives the calculations made in choosing the loop dimensions
of a 4.532 inch di ameter, a .531 i neh wi dth, and a .0618 inch wall thi ckness.
More di scussi on of the forces that are measured fo 11 ows in the next secti on.
A loop with four strain gages measuring bending stress was chosen
over a bar measuring axial stress because of the loop.s greater sensitivity.
The four gages on the loop become the four arms of a br; dge ci rcui t (see
Figure 7) and since the output signal is a differential measurement,
temperature compensation for the gages is inherent in the configuration. The
gages are placed in a br'idge circuit in either of tivo instruments designed
for the purpose; for static testing of the straiii gage loop, a Baldwin SR-4
strai n gage indi cator was used. It provi ded the 12 vol ts DC across the
bridge and was capable of sensir¡g :! 2 micro-inches per inch or, in this case,
:! .003 pounds. For the actual tests and for static calibration runs, an
~1FE, model M-22CAHA, strip chart recorder VJas used. The chal~t recorder is a
t\'io-channel recorder and also places the gages in its own internal 12 volt
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bridge circuit. The signal from the strain gage loop was recorded on one
channel of this chart recorder and also on the first channel of the Sony
FM tape recorder via a simple amplifier circuit (see Figure 8) for future
processi ng.
Static calibration runs were done with the loop using known weights
to apply a tensile or compressive load to the loop (see Figure 9). The
chart and tape recorders each produced a cal i brati on curve and these are
given in Figures 10 and 11. As the highest test frequency was to be about
.3 cIs it was felt that is was unnecessary to perform a dyn?mic calibration
of the strain gage loop. The 3 dB down point for the chart recorder
frequency response was 45 Hz, and the 2 dB down poi nt for the tape recorder
was 5 kHz.
The other measurement that was made was the di sp 1 acement of the
Scotch yoke dri vi ng poi nt. Thi s was done wi th a rotary potenti ometer that
was turned by gears running along a chain as the yoke moved. The 12 volt
power supply of the other channel of the chart recorder and a simple voltage
divider circuit (see Figure 12) enabled the displacement to be recorded
simul taneously with the force on the second channel s of both the chart and
tape recorders. Again, dynamic calibration was not used for the potentio-
meter and chart and tape calibration curves were obtained by static calibra-
ti on.
The other two tape channel s were used for a time code and voi ce
records, respectively, as mentioned before. The time code was included so
that computer interfacing would be easier if and when spectral analysis of
digitizing of the data were performed. The tape records of force and
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displacement were also played back into a second chart recordert a Hewlett-
Packard 7100B stri p chart recorder that was of better qual i ty than the
MFE chart recorder. The H-P recorder was not always availablet so it
was not possible to substitute it for the MFE recorder. Also, the MFE
recorder was extremely useful for checking the force and displacement records
as the experiment was going on as it was small ~ used little chart paper,
and was easy to use. Its most important function, though, was in providing
the proper bridge circuit for the specific type of strain gage used on the
loop. But the H-P chart records were of much better quality for data analysis,
so they form the basis for the HDatall chapter that follm'Js.
C. Design considerations
The tangential drag of a cylinder in constant~ axial flow is small
compared to~ say~ the normal drag of a cylinder in constant normal flow,
so it was assumed that in the oscillatory case, the drag force would also
be of a small order of magnitude. With this very much in mind, it was
necessary to design an experiment that allowed small forces to be detected.
A few basic thoughts come to mind. The smaller the test sample, in length
and in diameter, the smaller the drag forc~, The smaller the oscillation
amplitude and frequency, again (presumably), the smaller the drag force and
also the less realistic the experiment. If a long test sample is used~ say,
on the order of feet or tens of feet, then, if it were mounted horizontally,
the 1 i ne shape cou1 d change to that of a catenary and perhaps cause
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the hydrodynamic problem to change, too. A short sample, though, mounted
horizontally, would be less satisfactory than a long one in that a short
sample would generate less total force, end effects would perhaps become
important, and large oscillation amplitudes would be impossible if the
amplitude to line length ratio is maintained to make the line effectively
infinite in length. A vertical mounting that eliminated the catenary
problem v.¡a-s considered superior. The length of the test sample is important
once again because the vertical mounting of a long sample would require a
very deep tank. A short, vertical test sample would have the same dis-
advantages as a short, horizontal test sample.
The purpose of the experiment is the detection of the tangential
drag force. Even with extremely sophisticated instrumentation and test
set-ups in a propeller tunnel, the problem is difficult" Using a single
length of test sample, it is difficult to avoid having to make a differential
measurement of some sort. One way to make a di fferenti al measurement wou1 d
be to measure axial force at each end of the oscillating cylinder and
attri bute the di fference in force to the drag on the cyl i nder between the
points of measurement. This type of measurement requires very accurate
zeroing of each force gage and a lack of zero drift during the experiment.
In order to avoid this type of problem, one must make only one measurement
of force. One way to do this would be to mount the test sample in such a
way that it was not actually oscillated directly, but, rather, the mount
to which it was attached was oscillated, and the relative force between the
sample and the mount would become the drag force directly.
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Afte.r considering the things listed above) the expel"iment was designed.
The sample length was increased by using the four pulleys in such a way that
the long~ vertical lengths gave an effective sample length of about 20 feet
in a 12-foot deep tank. The largest oscillation amplitude permitted by the
tank and by the available sinusoidal drive was .5 meters (1 meter peak to
peak), small enough to have the sample effectively infinite in length but
large enough to be a real, ocean wave amplitude. Another advantage of the
four-pulley, continuous set-up is its symmetl~, i.e., as one vertical section
is moving up through the water surface the other vertical section is moving
down through the water surface, with the net surface-pi erci ng force bei ng
constant fl"om one-half \'Javelength to the next. Also, the pulley spacing and
proximity to the wa 11 s of the tank was the maxi mum a 11 owed by the tank for
a maximum sample length. The distance from a pulley to the wall was chosen
after boundary 1 ayer thi ckness cal cul ati ons had been performed (as in the
mathematical analysis chapter).
The most practical scheme for measuring the drag force seemed to be
the one that was fi nally used and has been roughly descri bed above. The
idea of using two water levels and measuring force outside of the continuous,
tensioned sample seemed to have many advantages. First, if an in-line
measurement were attempted, it would have to be made using the tension in
the line in some way. As it was calculated that a tension of at least 20
pounds was needed in order to pl~event transverse vibrations in the long,
vertical line sections, (see Appendix 4) any drag force would have to be
measured on top of that tens i on, maki ng ita very small percentage of the
total measured force. It was decided to make the measurement in the forcing
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rod outside the 1 ine so as to measure as small an extraneous force as
possible. The extraneous force then became a combination of the inertia
force of the system, the fricti on, the hydrodynami c drag of the two
bottom-mounted pulleys, and the surface-pi erci iig effects of the two
verti cal 1 tnes, all of whi ch seemed to total to much 1 es s than the tensi on
in the line (see Appendix 2). Also, it became unnecessary to actually
place any measuring device or electronic gear directly on the test sample
or in the water.
In regards to the tension of the line around the pulJeys, the
minimum tension was chosen as explained above. But in addition to the
possible vibration problem, it was desired that any change in tension due
to a weight change in the line as it was submerged be kept as small as
possible compared to the line tension. As various types of line (wire
and synthetics) \'Jere being tested and some of the larger diameter synthetics
could undergo considerable weight per unit length changes from dry weight
to neutrally buoyant in the water (see Table 1), it was desired that the
tens ton be high enough to make these changes appear small by comparison"
As the fricti on in the pull eys increases wi tli 1 i ne tens i on and the fri cti on
effect was to be removed by making the force measurement at two water levels,
a large friction change relative to line tension, due to a weight change,
was undesirable. Hence, a tension of 50 pounds was chosen as being large
enough in this experiment.
Finally, the ring dynamometer \\las chosen as the force measuring device
because it was very satisfactory for the job, simple and cheap. Commercial
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force gages wi th the necessary sensi ti vi ty and range cost in excess of $400,
often needed accompanying read-out eq ui pment (amp 1 i fi ers ,etc. ), and seemed
to be no more sati sfactory than the ri ng dynamometer. The potenti ometer
that measured the Scotch yoke displacement had been installed previously
on the yoke and was used as it was. And the Scotch yoke i tse 1 f was used as
the driving mechanism because it was felt that a sinusoid was a good
approximation to ocean waves and also best for comparison with theoretical
predictions, most of which use sinusoidal oscillations.
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iv. DATA
The experimental data will be introduced in the following manner:
first, each data set will be presented in conjunction with the specifica-
tions of the parti cul ar experiment. The over-all characteri sti cs of the
data will be analyzed, and finally, a detailed look at the tangential drag
coeffi ci ent data as compared to the theoreti ca 1 predi cti ons wi 11 occur.
A. Presentati on of data
A total of seven experiments were perf6rmed, testing four different
samples of mooring cabl es, and ~ur di fferent fresh water temperatures
(viscosities and densities) had been encountered by the end of the testing
period. The general experimental procedure outlined here applies to each
data set below, unless otherwise noted.
Experimental procedure:
1. The test sample was mounted and tensioned around
the four pull eys, and the Scotch Yoke and record-
ing equipment were placed in position.
2. The water 1 eve 1 in the tan k was adj us ted to the
low water level; i.e., just covering the bottom
two pulleys, for the first test series, and to
the highest water level for the other test series
for that sampl e. The same osci 11 ati on ampl i tudes
and frequenci es were used at each water 1 eve 1.
3. In a particular test series (low or high water level),
oscillations progressed from large amplitudes to small
ampl i tudes, low frequenci es to hi gl1 frequenci es.
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At a given amplitude, the lowest possible fre-
quency was used for, say, Nl cycl es and the fre-
quency was then increased to the second frequency
where it conti nued for N2 cycl es, and so on to
the highest test frequency. The Scotch Yoke was
not stopped between the di fferent frequenci es and
each successi ve frequency was hi ghar than the
previous frequency. The Scotch Yoke was stopped
only to allow the amplitude setting to be changed
(decreased) .
4. Occasi ona lly, a thi rd seri es of tests was performed
in addition to the low and high water level tests.
A second seri as of low water 1 evel tests coul d be
performed, after lowering the water level from high
to low water, in order to check the original low
water tests for reproducibility. Also, a mid-v/ater
depth test sari es coul d be performed wi th the water
level somewhere between the high and low water levels,
also to lend credibility to the data.
5. The water temperature was checked duri ng the test
period in order to determine the water viscosity and
dens ity.
6. The two seri es of tes ts, one each from the low and hi gh
water 1 evel s, were compared to yi e1 d the tangenti al drag
force for the rope sample being tested.
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Data processing:
1. Each series of tests for a given rope sample generated
a force record for the osci 1 1 ati on amp 1 i tudes and fre-
quenci es that had been appl i ed at that wate~ 1 evel .
The tape record of the fo rce was played into a Hewl ett-
Packard chart recorder and the resul ti ng chart record
was analyzed.
2. First, the curves were smoothed, if necessary, and
secondly, the peak to peak amplitudes of t~e resulting
waveforms were measured and .recorded. For a gi ven
oscillation amplitude and frequency, these amplitude
val ues were averaged over the number of data cycl es
obtained, and the single resulting value was compared
with the correspondi ng va i ue from the other water
level (s).
3. The difference between the high and low average force
amplitudes, (Fh-F,), when reduced to the proper single
amplitude force, yielded the peak tangential drag
force for that test sample at each oscillation amplitude
and frequency.
4. The resu' ti ng data poi nts were compared wi th the val ues
predicted by the exact solution to the Navier-Stokes
equati ons.
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Keeping in mind the brief outlines given above, a short definition
of terms follows here. In the presentation of data, IIh'igh" or "h" denotes
the water level of the completely filled tank, and "low" or"ll denotes
the water level that just covers the bottom two pulleys in the tank. Any
intermediate water level will be defined as it occurs and is denoted by
"mil. The rope length is considered. to be the sum of the two vertical
lengths of immersed sample, using the low water' level as a ,zero reference.
lh_l denotes the rope length between the high and low water levels, 'h-m
the rope length between the high and mid-water levels, and lm-l the rope
length between the mid and low water levels. The oscillation amplitude
and all forces are single, maximum amplitudes and are not peak to peak
measurements. All test samples are numbered and refer to entries in Table
1. Table 2 lists the density and viscosities (viscosity and kinematic
viscosity) of the fresh \riater in the tank for the 'dater tempet'atUt~es that
were encountered. The mathemati ca 1 equati ons used for predi cti ng CT and FT
from the Navi er-Stokes equati ons are gi ven below, as are the equati ons used
in calculating CT from the force data (FT) obtained in the experiments.
From Section II-A, the maximum value of F(a,t) is
(25) FT = 21Tll1 (Aw)aa f(aa)
where a = ~ and f(aa) = Ni(aa)
No ( aa)
(26) CT = FT
t p 21T a 1 (Aw) 2
(27) CT = (~) f(aa)
Aa
-35-
Using the data for the tangential drag force'it is possible to calculate
CT from equation (26) above ~ substi tuting the experimentally determi ned
force value for FT and using the proper values for the water density,
rope radius, rope length, and oscillation amplitude and radian frequency.
The experimental data is presented in Tables 3-1 through 3-7 and also
incl udes the predi cted ~ theoreti ca 1 val ues for tangenti a 1 drag forces
and drag coeffi ci ents.
Figure 13 is a plot of CT A versus Rea = a2 ~, comparing the datad v
and theoretical values given above. Typical waveforms of the force data
are shown in Figure 14 for various oscillation frequencies. Also,
examples of the smoothed curves are given by the dotted lines in the same
figure. Typical waveforms from the displacement records are shown in
Figure 15. A discussion of the force waveforms follows in the next section
of the chapter.
B. Analysis
Fi rst of all, a qui ck scan of Fi gure 13 reveal s that the data does
not qui te predi ct the theory in these experi ments. The compari son between
theory and data will be discussed in the next section of this chapter, and
the present analysis section will be devoted to a discussion of the data
as it stands by itself. A few other general statements that can be made
regarding the data are that the data seems internally consistent; i.e., the
same rope sampl e produces the same experimental force data from test to
test~ more data has been obtained from larger diameter test samples than
smaller, and there is more data at higher than lower frequencies. With
these observations in mind, a more detailed analysis of the data follows here.
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I t seems 1 ogi cal to begi n wi th a look at the raw data. Fi 9 ure 14
shoVls that the force v/aveform changes wi th osci 11 a ti on frequency, progress-
ing from almost a square wave to an approximate sinusoid as the frequency
increases. For all waveforms there is some hi g1121" frequency noi se superposed
on the basic (smoothed) wave. First of all, as the displacement applied
by the Scotch Yoke is a pure sinusoid (see Figure 15), one would expect the
measured driving force to be sinusoidal also. As it is not sinusoidal,
one must consider why it is not. First, if the mechanical tolerances of
the Scotch Yoke are sloppy, it is not difficult to generatè higher harmonics
and a force waveform that is not a pure sinusoid (Crandall et al, 1963)
even though the displacement waveform appears to be perfectly sinusoidal,
By the time a second derivative record is generated, slight imper'fectíons in
the displacement waveform will have become very noticeable. But the force
waveforms seen in Figure 14 are not only the result of sl"ight imperfectons
in the di sp 1 acement \vaveform. After much thought about the experimental set-
up, fri cti on in the four pull eys seems to be of major concern.
Although the pulleys were intended to be frictionless, they were not.
They were extremely frictionless with no load on them; i.e., with zero
tension in the rope test sample. But as the tension was increased, the
,friction increased also. It was possible to measure a starting friction for
the four pull eys by attachi ng a very sensi ti ve spri ng dynamometer to the
rope at the point where the turnbuckles joined the two rope ends together,
in pl ace of the forci ng rod. The s tarti ng fri cti on vari ed as a functi on of
rope tension, increasing when the tension was increased, and the same effect
could be observed by loading a single pulley in the laboratory. In that a
vet'y flexible string could be tensioned around the pulleys and cause greater
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friction with increased tension, it seemed to be bearing friction in the
pulleys rather than an increase in the energy required to bend the test
sampl e around the pull eys that created a greater resi sting force to be
overcome.
It is interesting to speculate on a model for the type of friction
that would generate the waveforms in Figure 14 given sinusoidal displace-
ment and velocity functions. Figure 16 ShOVIS some typical models of
friction force versus velocity and the resulting friction force and friction
plus inertia force for a sinusoidal velocity. After playi~g with various
fri cti on models, Fi gure 17 gi ves a model whi ch seems to be able to generate
curves very similar to those in Figure 14. It would be possibles of course,
to construct very complicated friction models to exactly generate the
observed data, but that is not the purpose of thi s exerci se. Rather,
Figure 17 seems to contribute to a basic understanding of the problem. Only
the smoothed waveforms in Figure 14 have been predicted here, and possible
reasons for the higher frequency noise will be presented in the following
paragraphs.
The si mpl e fri cti on model in Fi gure 17 seems to confi rm that the
observed friction is of considerable magnitude and is not at all of the type
shown in Figure 16-1 which predicts a high starting friction follovJed by a
much lower kinet'ic friction as soon as the body is in motion. Also, the
model in Figure 16-2 would almost match the data \'1aveform progression as
the i nerti a term was increased except that there can never be the reversa' s
observed on the sides of the hi gher frequency waveforms. Unfortunately,
not much is knovm about fr'iction as it 'is related to oscillatory motions,
but from the fai rly good match between a simpl e fri ction model and the
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data waveform, it woul d seem possi bl e to attri bute the non-sinusoi dal
form of th~ force data to fri cti on. And if the expl anati on is correct
it is also easier to understand why it was difficult to distinguish a
very small tangential drag force on top of a very large friction force at
low forci ng frequenci es.
The hi gher frequency noi se superposed on the smoothed force wave-
form is also of concern. The mechanical system was by no means vibration
free, and it is also remotely possible that the higher frequencies in the
system could come from the hydrodynamics of the oscillating cylinder. The
most likely source of mechanical vibration (with no obvious vibrations
observed) is bearing noise from the needle bearings in the pulleys. It
is possible to calculate the IIneedle frequencyll or number of needles passing
a reference point per second per pulley. There are sixteen needles in each
pulley, and using simple geometry it is possible to calculate an instantaneous
needl e frequency of the form
(28) h. = 16 dx1 '1TD dt (c/s)
(29)
where x is the sinusoidal displacement, so that
n. = 16Aw cos(wt) (c/s)1 -
1TD
i f x = As i n ( w t) .
But as an ins tantaneous observati on of frequency is di fficul t to make, an
average needle frequency is of more value. Then, integrating ni over one-
half cycle and dividing by T we' find that the average needle frequency
'2
na is
(30) na = 64A
1T D1.
(c/ s)
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Using force waveforms from several sets of data and observing the higher
frequency noise on the slowly changing portions of the force curves (peaks),
Tab 1 e 4 compares observed frequency wi th a computed needl e frequency. The
lower frequency data is analyzed using na for comparison, as the waveform
is close to square. The tvw higher frequencies, T=3.6s. and 2.8 s., are
better understood when ni' averaged over a suitable time interval, is used
for compari son. In order to choose a suitabl e time interval over whi ch to
integrate, it is important to know the exact phase relationship between the
displacement and the force. Based on the close agreement between the pre-
di cted beari ng frequenci es and the observed hi gh frequenci es, it seems fai r
to attribute the high frequency noise to bearing noise. This is an important
concl us i on as it vlOul d seem to justi fy the smoothi ng of the force data
during the data processing.
One fi na 1 comment may be made regardi ng a hydrodynami c hi gh ftequency
in the experiment, Turbulent flow can be modeled as a mean flow plus a
sma 11 perturbati on that has some frequency nt. The perturbati on frequency
nt could be high relative to the forcing frequency and might be observed
in the force measurement as hi gh frequency noi se. But wi thout adequate
experimental observations of turbulence or a theoretical (stability) analysis,
it would be difficult to attribute high frequency noise to this cause. Also,
with good agreement between predi cted beari ng frequencies and the observed
hi gh frequenci es, further specul at; on on the source of the hi gh frequency
noi se is not really necessary.
Explanations have now been made for the various data waveforms, leaving
the actual data values as the next topic of discussion. Earlier it was
observed that the data seems to be internally consistent, with one rope
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sample producing the same experimental data in tests at different water
temperatures and times. Sample 4 was tested in three different water
temperatures at kinematic viscosities that varied from 1.31 to .95 ft.2/s,
a factor of .72. The rope was remounted on the pulleys for each test,
so that the pre-tensioning Vias slightly different each time, and the tests
took place over a peri od of time of tViO months. But from test to test the
data is compatible (see the test results), with each new data set reinforcing
the previoùs one(s). Also, for several of the four rope samples tested, at
least two different oscillation amplitudes were used, produçing many
different combinations of amplitude and frequency; i.e., velocity. The
data is compatible among the different velocities and is consistent for
a large amplitude, low frequency combination or a smaller amplitude, higher
frequency combi nati on, both of whi ch create the same velocity.
Further proof of the internal consistency and reliability of the
data is shown by the results of Test 6 (Table 3-6) where low, middle, and
high water tests were performed. The middle water level was almost exactly
halfway between the low and high water levels with lh-m = 10.66 and
lm-i = 10.10 feet (lh-l =: 20.75 feet), where IImll denotes IImiddle water levell.
Three sets of drag forces were obtained (see the third item in the data
processing procedure in Section A of this chapter): one for the low to
middle \'iater line length (Fm-F,), one for the middle to high \vater line
length (Fh-Fm), and one for the low to high water line length (Fh-Fi)'
Figure 18 plots experimental drag force versus length of line immersed for
four oscillation periods, us"ing the lm'l water level as a zero length
immersed reference. The fact that (Fm-Fi) and (Fit-Fm) come close to having
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values that are, respectively, 10.10 (Fh-F1) and 10.66 (Fh-Fi) shows20.75 20.75
that the relationship betv-teen experimental drag foy'ce and line length
immersed is 1 i near as it shoul d be, 1 endi ng further credence to the
experimental data.
The test results in the previous section include a signal to noise
rati 0 SIN for each data po; nt. The rati 0 is defi ned as the rati 0 of peak
tangenti aT drag force to the peak low water force measurement at that
amplitude and frequency. It is not surprising that the SIN ratio is on
the small side, varying from .006 to .109 and averaging .048 or about one
out of twenty. The tangenti a 1 drag force is not 1 a rge, and even though
the SIN ratios are low, the data still appears to be reliable and meaningful.
Leading into an analysis of experimental error and offering one
more reason to justify the smoothing of the force waveform, a quick look
at the hand-done nature of the data processing will be taken here. It
caul d be argued that hand-done data processi ng caul d 1 ead to a bi as in the
experimental results. As a check on this possibility and on data reliability,
several of the magneti c data tapes were analyzed on a waveform eductor.
The eductor is an electronic package that produces an average waveform,
constructed from a large number of data cy1ces at one frequency and amplitude.
Sampl es of these resul ts showi ng the hi gh and low water average waveforms
superposed on each other (Figure 19) indicate that, indeed, there is an
observable hydrodynamic drag force even with a machine doing the data pro-
cessing. The area between the tv-to waveforms is the product of the drag force
and the time and usi ng a pl eni meter, thi s area has been computed and an
average height or drag force calculated. The drag force obtained using the
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pl enimeter and the drag force from the hand-processed data are compared
in Figure 19. The close agreement between the forces calculated in two
di fferent ways helps to confi rm that the data processed by hand is not
bi ased) that there does really seem to be a drag force present on top of
the noi se, and that smoothed data predi cts the same drag force as the
unsmoothed waveform eductor data. Another interesti ng observati on that
can be made is that the hi gh frequency noi se never seemed to average out,
even wi th a 1 arge number of data cycl es. As the noi se seemed to be present
for both the low and hi gh water data) and in phase, thi s alJ owed the
smoothed and unsmoothed force data to predi ct the same drag forces.
The subject of experimental error is a complicated one. The
following discussion will enumerate causes for error and try to estimate tre
amount of error contributed in each case. First, in the data acquisition
procedure, error may enter due to changes in the experi menta 1 set-up
during testing¥ If the tension in the rope sample changes significantly,
it may cause the friction in the pulleys to vary from low to high water)
thereby changing a quantity that is supposedly constant throughout the test.
A tension change could occur if a test sample were to stretch or change its
wei ght in some way. A wei ght change due to buoyancy effects does occur
between low and high water, but it should not contribute to a change in the
fri cti on for the fall owi ng reasons: As the rope sarnp 1 e is conti nuous around
the four i denti ca 1 pull eys and the wei ght change betv,ieen hi gl1 and low water
is equal in the two vertical test sections of rope, the tension around the
top two pulleys is decreased by an amount equal to the weight change in one
vertical section and increased by the same amount in the bottom two pulleys.
Assumi ng that a small increase or decrease in tensi on produces a 1 i near
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increase or decrease in pulley friction, the effects of a weight change
on pulley friction are cancelled around the four pulleys.
On the other hand, if the nylon were to stretch duri ng the ti me
bet\lJeen a low and high water test (four hours with the low water test
performed first), a decrease in pulley friction would be felt in all four
pulleys. It is not possible to calculate the rope stretch and resulting
fri cti on change that mi ght occur duri ng an experiment. Creep and creep
rates are 'not well-documented for syntheti c 1 i nes, especi ally at such
low tens ions (fi fty pounds or 1 ess) . Accordi ng to Berteaux (Berteaux
and Chhabra~ 1973) for used nylon, the strain at the tensions used in the
experiment would be less than 2% of about 1.6% for Sample 3 and .5% for
Sample 4. This would mean a length change of about .5 and .2 feets
respectively, for the two types of line. From observations during the
experiments, stretching did occur for both nylon samples but was easily
observed only after times on the order of days. On the other hand, it
is the author's qualitative belief that stretching and/or weight changes
did have an effect on the nylon data quality, especially at low frequencies
where a friction change would have been most noticeable.
But based on alack of understandi ng of the behavi or of syntheti cs
and the exact tension-friction relationship in the pulleys, a qualitative
judgment of experimental error wi 11 be made for the probl em of changing
friction. For the nylon test samples, if stl~etching did occur during the
test period it would have decreased the friction in the four pulleys,
tending to cause an underestimation of the tangential drag force if not
taken into account. Based on the reasoning above, a somewhat arbitrary
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choice of ~03 pounds of underestimated force will be considered the error
of underesti mati on for both Samp1 es 3 -and 4. As the wi re rope does not
stretch, no underestimation error will be assigned.
Another source of experimental error is that due to the measurement
of the peak to peak force on the chart record. The actual measurement is
1 imi ted by the abi 1 i ty to read to + .01 cm. or ~ .012 pounds. But the
total error after reading over a number of data cycles may be much greater.
One \'1ay to es ti mate thi s error is to return to the compari sons between the
force data obtai ned from the waveform eductor and the hand~processed data
(Fi gure 19). Based on the di fference between the two sets of resul ts, the
total data process'ing error seems to be more on the order of ~ .03 pounds.
Fi nally, the other type of error that woul d enter the force data
would be errors in calibration of the ring dynamometer. Based on the
repeatabil'jty of calibration runs, an estimate of a total error of ..02
pounds or + .01 pounds seems reas onab 1 e, wi th the .02 pound error due to
inexact cali brat ion wei ghts,
Totaling the errors itemized above, the force error for wire rope
Sampl es 2 and 5 is + .04 pounds and for nylon Sampl es 3 and 4 is + .07 pounds
and -.04 pounds. Fi gure 20 shows the es ti mated 'errors in the drag coeffi ci ent
data. Additional mention of the signal to noise ratio SIN might be appro-
priate at this time. The errors given above for each data point could be
interpreted in the context of the SIN value for the point. It would be
possible to think of the SIN ratio as a weighting factor to be applied to
the error bar's, v.ith a diminution of the error bars allowed for high SIN
ratios \..here the data point seems more IIreliablell.
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C. Discussion
The previ ous secti on cons i s ted of an ana lys is of the experi menta 1
data in regards to its waveforms, noise, SIN rat-ios, internal consistency,
error functions, and other characteristics. A discussion of how best to
compare experimental and theoretical values will first be presented. The
tangential drag coefficient data will then be examined in comparison with
the theoretical predictions made in Chapter II, and the discrepancies
between the data and the theory will be discussed.
In order to have the best possible understanding of the data,
appropri ate dimens i onl ess parameters shaul d be used for compäring the
theoretical predictions and the data. Returning once again to the discussion
in Secti on ß of Chapter I I, it was poi nted out that two of the three
dimensi onl ess parameters characteri zi ng the probl em are the parameters CT
and aa. The thi rd parameter coul d be chosen as ei ther A or Aa. Looki ng
ëf
more closely at aa, it has the physical meaning of the ratio of the cylinder
radius to a boundary layer thickness. The quantity a is defined as
a = ~, and for Stokes' second problem of tbe oscillating flat plate, the
boundary layel~ thickness ô is on the order of ô ~ 1 = Æ (Schlichting,
a
1968). Hence, aa is a ratio of cylinder radius to boundary layer thickness.
Although the boundary layer thickness for the oscillating cylinder cannot
quite be approximated by the boundary 1 ayer thi ckness for the fl at pl ate for
the parti cul ar val ues of quanti ti es encountered in these experi ments (as
shown in Chapter II), in the limit of a cylinder with a very large radius,
Æ \r.oul d become on the order of the boundary 1 ayer thi ckness. So in the
flat plate limit) aa :: a becomes the ratio of cylinder radhis to boundaty
ô
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1 ayer thi ckness.
The dimensionless parameter A is easily understood as being the
d
ratio of oscillation amplitude to cylinder diameter. The quantity Aa is
'not quite so easily interpreted, but if it is squared, becoming A2a2 = A2~,
\!
it begins to look rather familar#, it could be called a Reynolds number
ReA = (velocity)(length)/(kinematic viscosity) = (Aw) i&. Physically,
\!
it is easy to envision the cylinder velocity Aw, a character-stic length
A, and a ratio of inertial forces to viscous forces. This type of a Reynolds
number would be used to describe the flowfield near a flat plate, for example.
Now, returning to the quantity aa, if it were squared it too could be a sort
of Reynolds number as it is made of the same dimensional quantities as ReA'
But Rea = a2a2 does not have the same physical meaning as does ReA' It is
difficult to understand which velocity is represented by aw, and of which
inertial and viscous forçes we are speaking.
Having reviewed the physical interpretations of the dimensionless
parameters ~ it now remai ns to choose the appropri ate parameters for the
compari sons betv-Jeen the expel"imenta 1 data and the 1 ami nar theory. Repeating
equation (23) from Chapter II,
(23) CT= (2a)(-l) f(aa)A aa
it can be rearranged as
(28) CT -A = fl(a2a2)
2a
fl(a2a2) = -- f(/a2a2) .
lã2a2
where
..47..
CT A is t,hen only a functi on of Rea = a2a2, so data and theory coul d beLa
compared in a plot of CT A versus Re. Equation (24) from Chapter II isa a
repeated:
(24 ) CT = 2 f(aa)
Aa
and CT is a functi on of ReA and Rea' As above, (24) can be rearranged so
that
(29 ) CT 1f(aar-
fA (A2a2) = 2
1Ä2a2
fA(A2a2)
where
and CT 1
f(aa)
theoreti ca 1 values.
versus ReA could be plotted for the experimental and
But which comparison has more meaning: CT A vei~sus Rea or CT 1a f (aa)
versus ReA? For those interested in fine-scale phenomena in the boundary
layer, probably the comparison using Rea has more significance. It implies
that one might want to find the value of CT A given a certain ratio of cylinder
a
radius to boundary layer thickness. On the other hand, a person interested
in tangential drag coefficients in flows characterized by their (conventional)
Ryenolds numbers might be attracted to the relationship beti¡een CT 1
f (aa)
and ReA or even to the relationship between CT and ReA' (As any plot of CT
versus ReA is not independent of, f(aa), a separate curve would be generated
for each val ue of f( aa)), In that a true Reynol ds number characteri zes
several flowfields that will be contrasted with the flowfield near an axially
oscillating cylinder in the next fe\v pages, all new plots that are presented
in this section \'1;11 be of the form CT 1 versus ReA' It is interesting
f( aCt)
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to note~ though, that CT is almost independent of Rea compared to ReA'
Because the quantity f(aa) is so close to 1.0 for all values of aa encountered
in the experiments (see Table 3)) instead of having a family of curves
for different values of f(aa) when plotting CT versus ReA) the curves are
so close together that they almost appear to be a single curve for Samples
3 and 4. Figui~e 21 sholtis the tvlO lines that are the farthest apart for
the Sample 3 and 4 nylon data and the line that is the most different from the
nylon line) the Sample 2 wire rope line (smallest diameter).
Fi gures 13 and 22 show all the experimental data compared to the
theoretical predictions in plots of CT A versus Rea and CT 1 versus ReA!d ft aa)
respectively. The plots are informative in showing that the experimental
data does not agree wi th the theoreti ca' predi cti ens. What mi ght affect the
experi mental results that is not accounted for in the theory? The fi rst
thi ng to look at is experimental error - mi ght the data really agree wi th the
theory, with-in experimental error? Glancing at Figure 20 wh-ich places error
bars on the data poi nts, the theoreti cal , i ne does not fall wi thi n the
error bars. Only if the error bars caul d be extended toward lower val ues
of CT ( A ) or greatly increased in overall 1 ength hloul d the data begi n
d
to include the theoretical line. The error estimates made in the previous
section may be slightly off, but they would have to be changed drastically
to encompass the theoreti calli ne. And the argument made for underestimation
of the nylon drag coeffi c1 ent waul d not encourage the error bars to be
extended downward only - by a factor of more than three for Sample 4. So
it would seem that the discr-epancies bet\/een data and theory are not mainly
due to experi mental error.
What other effects mi ght cause the data to have val ues that are con-
sistently so much larger than the predicted values? The suspicion is that
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perhaps roughness and turbul ence arecaus i ng the experi mental data to di s-
agree with the laminar floVJ theory for a smooth cylinder. But as we have
no mathematical theory capable of incorporating roughness and turbulence
effects into the problem. we shall try to incorporate their effects in a
qualitative VJay.
Surface roughness is a very obscure engi neeri ng parameter, and it
is not well defined for things other than flat plates, such as cables in
axial flows. A single, dimensionless surface roughness parameter will be
used here and is defi ned as the roughness rati 0 q = h where his the hei ght
a
of the characteristic surface protrusion (a is the radius of the line).
In judging surface l~oughness, the two wire ropes look the same. Each has
a polyethylene jacket over the wire and the bulges in the jacket due to
the individual strands of wire seem to have about the same roughness ratio,
q = .020, for the two samples. Since there are not many data points for
ei ther sampl e and they seem to i ndi cate the same trend i the two sets of
data are grouped together for this analysis. Samples 3 and 4 are both
nylon ropes but are of different rope lays and diameters. Sample 3 is
a plaited nylon rope and Sample 4 is a 3-strand, lItvlÎstedl nylon \~ope. The
estimated roughness ratio for Sample 3 is q = .100 and for Sample 4 is
q = .098, but since the two ropes have surfaces that look and feel very
di fferent, the fact that the roughness rati as are about equal is not
necessarily significant. In a very qualitative \'ay, Sample 3 has lots of
i rregul ar bumps compared to fewer~ more ordered protrus ions for Sample 4.
Looki ng at the fri cti on drag coeffi ci ent CT versus Reynolds number
Re = lh for a flat plate in steady'flow or flow in a pipe (Schlichting,
v
1968), at a Reynolds number of about 105 transition occurs and the flow
becomes turbulent. The slope of the line changes~ becoming more shallow,
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and the drag coeffi ci ent changes, becomi ng 1 arger than it woul d have been
had the flow remained laminar, Further, if roughness is added to the
picture the slope of the line decreases still further, so that it lies
anywhere between the turbul ent theory 1 i ne and the liori zonta 1, and the
drag coefficient is again increased (Schlichting, 1968; Hoerner, 1965).
So in the hierarchy of lines, the IIroughlI lines lie above the turbulent
theory 1 ine v/ith slopes that are less than or equal to that -of the turbulent
theory 1 i ne, and the turDul ent theory 1 i ne lies above the 1 ami nar theory
line and has a shallower slope. There are also transition regions from
1 ami nar to turbul ent flow and from turbul ent to rough condi ti ons.
Fi rst, in order to have a better loak at the data, Fi gures 23 and
24 separate the data in Fi gure 22 into two groups, the data from Sampl e 4
and the data from Samples 2, 3, and 5, respectively. The logic behind the
grouping of the data in these figures is to put rope samples with the same
surface roughness together. Perhaps the data from Sample 3 should be
included with that from Sample 4 since both are nylon ropes, but since there
are so few data points from Sample 3, they at'e placed with the wire rope
points from Samples 2 and 5 for higher visibility.
Fi gures 23 and 24 show 1 east squares fi t 1 i nes for the data. In
Figure 23, the circled Sample 4 data was included in calculating the line
and the uncircled data was not. In Figure 24, two lines are shown, one
is for all the Sample 2 and 5 data and the other for the circled Sample 3
data. Comparing the data lines, Figure 25 superposes the three lines on a
single grid, along vlith the theoretical line. The line \~ith the shallowest
slope is line 2, followed by line 3, the theoretical line, and line 1 in
the progression from the shallowest to the steepest slopew
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It'is not necessarily valid to compare the flow near a tangentially
oscillating cylinder to that near a flat plate as \tas seen ;n Chapter II.
But perhaps the basi c trends di scussed in the paragraphs above coul d be
helpful here. Samples 2 and 5 are polyethylene jacketed wire ropes and
are the closest trring in the experiment to an ideally smooth cylinder. One
mi ght) therefore, expect the data from Sampl es 2 and 5 to 1 i e the closest
to the 1 i ne predi cted by the 1 ami nar theory, if turbul ence h,as not occurred.
But the data from these two samples does not lie near the theoretical line,
but lies above it. This might indicate, then, that the flow is not laminar,
but is turbulent. So with this thought in mind) a look at line 1 in Figure
25 shows that it does lie above the laminar theory line, but its slope is
steep - steeper than that of the laminar theory line. This is very confusing
because no data or theory is known to exi st that predi cts thi s sort of
behavi or.
Continuing with the other Samples 3 and 4" both are nylon ropes
characteri zed by the same roughness ratio. But as was po; nted out earl; er)
their surface appearances differ. Looking at lines 2 and 3 in Figure 25,
both lie above the laminar theory line with shallo\iJer slopes. Their slopes
are not quite equal, but the lines are fairly close together. In a qualita-
tive way, Sample 4 (line 3) seems rougher in surface texture which might
justify the larger drag coefficients charactedzed by line 3. But it is
probably better to reviei'l Figures 22, 23, and 24 before coming to any hasty
concl us ions.
Figure 22 shows all of the data points together, and it is important
to note the relationship bebveen the Sample 3 and 4 data poirits. They really
lie very close together. Adding the two Sample 3 points that created line 2
to the Sample 4 data points would not change line 3 much at all. Also, as
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line 2 was drawn through only two data points it is statistically rather
insignificant. Another very interesting observation can be made while
looking at Figures 23 and 24. Only the circled data points were used to
draw lines 2 and 3. One Sample 3 data point and seven Sample 4 data points
were ignored to draw the lines With transition and turbulence in mind,
for Sample 4 especially, there could be a transition phenomenon occurring
vi a those poi nts. And 1 i ne 3 bears the proper rel ati onshi p to the 1 ami nar
theory 1 i ne to be a turbul ent and/or roughness domi nated l"¡ ne.
Wi thout a lot more data over a 1 arger range of Reynolds numbers and
cable roughness or some theoretical predictions, it is very difficult to
make quantitative conclusions from the data. If transition occurs outside
of the Reynolds numbeì~ range i nves ti gated here, for instance, the phenomenon
would not be noticed. It seems safe to say that, with experimental error
taken into account, all of the data points lie vJe11 above the laminalA theory
line. As there has been no theoretical analysis speaking to the problem
of turbulent flow or the effects of cable roughness, it ;s not possible to
concl ude that turbul ence and/or roughness effects have defi ni tely caused
this phenomenon. But based on other types of flow fields, similar results
are the mani fes tat; on of turbul ence and/or roughness. As some sort of
transition phenomenon seems to occur for the nylon samples at a Reynolds number
of about 105, the ballpark figure for transition near flat plates, there
may be one more reason to feel that turbul ence does occur near a tangenti ally
oscillating cylinder. The wire rope data is puzzling as it does not lie
near the laminar flow line nor slope ;n a way that characterizes either
turbulence or roughness effects for other flowfields. Within the Sample 2
and 5 error bars, it would be possible to give line 1 a much shallower slope
that waul d perhaps be more understandabl e. But as the cho; ce of s lope and
-53-
position for the line would be purely arbitrary, such a line would be of
margi na 1 use.
..54..
V. CONCLUSIONS
In summary, an experimental investigation of the tangential drag
of an axially oscillating cylinder has been performed. Deep-sea mooring
cables were oscillated sinusoidally at frequencies and amplitudes character-
istic of ocean waves. The experimental data gives values of the tangential
drag force and drag coefficient that are consistently higher than those
values predicted by the laminar theory resulting from an exact solution
to the Navi er-Stokes equati ons. Cable roughness and turbul ence effects
are considered as reasons for the high-valued data. Without theoretical
descri ptions of turbul ence and/or roughness effects, or a lot of experimental
data, it is di fficul t to predi ct the exact rel ati ons hi p between the tangen-
tial drag coefficient and a rough cable and/or a turbulent flowfield.
Based on the experimental results, it is possible to make several
recommendati ons for future work on the tangenti a 1 drag of an axi ally
oscillating cylinder. First, more experimental investigation is needed.
It has been shown that meaningful values of the tangential drag forces and
coefficients can be obtained even though the drag force is a small quantity
compared to other forces in the system. As the values of the drag force
and coefficient are consistently larger than the theoretical predictions,
investigations of the specific effects of cable roughness and turbulence
on the drag coefficient must be made. Or if any other effect could cause
larger forces, it, too, should be investigated. A much larger range of
Reynolds numbers must be included in future investigations, allov.Jng both
local i zed phenomena and general trends to be better understood. In the
case of turbulence, it must first be determined if and when turbulence does
occur. In future experi ments, the drag force mus t be measured whi 1 e studyi ng
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the boundary layer very closely; ; .e., watching for turbulence, measuring
boundary layer thicknesses, etc. And in all investigations, the experimental
errol" must be as low as possible in order to pinpoint values more closely.
The experimental data; ndi cated that the 1 ami nar theory is not
predi cti ng all of the observed drag force, so a more adequate theoreti cal
description of the problem is needed. It would be very helpful to use a
stabilHy analysis of the problem in data interpretation~ one could determine
whether or not turbul ence mi ght occur using stabil i ty theory. No theory
would include roughness factors unless it were based on experimental data,
but in conj uncti on with more experimental data, such a theory coul d be
developed.
In concl us ion, much remai ns to be 1 earned about the tangenti al
drag of an axially oscillating cylinder. These experiments have served
two purposes; they have produced some values of the tangenti a 1 drag co-
efficient for real mooring cables and they have indicated that laminar
theory alone is not adequate for predi cti ng the observed dt'ag forces. In
short, more experimental and theoretical work must be done to fully under-
stand the probl en1.
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TITLES OF FI GURES
Fi gure 1
Fi gure 2
Schematic of experimental set-up
Photograph of experimental set-up next
to the Blake Building, Woods Hole Oceano-
graphic Institution, showing test samples
Photograph of experi mental set-up s howi ng
data record; ng instruments
Fi gure 3
Fi gure 4
Fi gure 5
Fi gure 6
Fi gure 7
Fi gure 8
Fi gure 9
Figure 10
Fig u re 11
Fi gure 12
Fig u re 13
Fi gure 14
Needl e bea ri ng ins ta 11 a ti on
Epoxy terminations and turnbuckle tension-
i ng set-up
Schema ti c of s tra in gage ri ng dynamometer
Strain gages in bridge circuit
Amplifier circuit for force amplification
from chart to tape recorders
Ca 1 i brati on set-up for ri ng dynamometer
Chart recorder force cali brati on curve
Fi gure 15
Tape recorder force cali bra t i on curve
Voltage divider circuit for displacement
record from potentiometer to chart recorder
Plot of CT A/d vs. Re~ = a2a2 for all
data, and laminar theory predictions
Typical force wavefoì~s for several oscilla-
tion periods, from Test 4, Sample 4,
Ai = 45 em, high water level
Typical displacement waveforms for several
oscillation periods, from Test 1, Sample 2,
A = 42 cm, low wa ter 1 eve 1
Typi ca 1 fri cti on models
Friction model in closest agreement with
ex~erimental data
Fig u re 1 6
Fi gure 17
~68..
Fi gure 18 Plot of FT vs. 1, test sample length
immersed, from Test 6, Sample 4,
A = 30 em, low, middle, and high water
1 eve 1 s .
Fi gure 1 9 Typi ca 1 waveform eductor data s howi ng
hi gh and low water force waveforms and
gi vi n9 compari sons of the drag force
FT calculated using the waveform eductor
versus the data processing procedure
in Chapter IV-A
Plot of CT A/d vs. Rea = a2a2 error bars
for all data points, and laminar theory
predictions
Plot of CT vs. ReA = A2a2 showing several
curves in the fami ly generated by di fferent
va 1 ues of fCaa)
Plot of CT l/f(aa) vs. ReA for a 11 data,
and 1 ami nar theory preài cti ons
Plot of CT l/f(aa) vs. ReA for Sample 4
data, showi ng 1 east squares fi t 1 i ne for
ci rc1 ed data, and 1 ami nar theory predi cti ons
Fi gure 20
Fi gure 21
Fi gure 22
Fi gure 23
Fi gure 24 Plot of CT l/f(aa) vs. ReA for Sampl es 2,
3, and 5 data, showi ng 1 east squares fi t
1 i ne for Sampl es 2 and 5 data together and
Sample 3 line for circled data points, and
1 ami nar theory predi cti ons
Plot of CT l/f(aa) vs. ReA showing the three
data 1 i nes in Fi gures 22 and 23, and 1 ami nar
theory predi cti ons
Pi gure 25
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APPENDIX I
The following four equations are the Navieì~-Stokes and continuity
equations expressed in circular cylindrical coordinates (r, e, z) with
velocities (Vr, Ve, Vz)' (Schlichting, 1968):
(Al) p (avr aVrrt + Vr ar
Vo aVr
+
r ae
Ve2 avr)
- + Vz -r az
92V
= F - lP + jJ ( "r2 rr ar a
1 aVr Vr 1 a2Vr 2 aVe a2Vr+ - - - + - - - - - + --)
r ar r2 r2 ae2 r2 ae az2
(A2)
aV aVe Ve aVe VrVe aVe
p Cat e + Vr ãr +- --+-- + Vz 3')r ae r
a2V 1 aV '! 1 a2V + L aVr + a2va-)Fe --. ( e -- e e= lP + ¡i ~ + r ar - r2 + r2 a e2 . r2 ae ClZ2r Cle
(A3)
ClVZ aVz Ve aVz aVz
p (-a + Vr ar - + r 88 + Vz a-)
z
a2V 1 dVZ 1 a2V 32V( Z - - z z)+¡i-+r + -+--.ar2 ar r2 ae2 3Z2:. Fz - lPdZ
(A4) aVr + Vr + 1
-ar r r dVe + dVZae dZ :. o
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APPENDI X 2
In order to d~sign the ring dynamometer, it is necessary to
predict the maximum force that might be felt in the ring. The force
that contri butes mos t to the total force felt in the ri ng is the i nerti a
force, with the friction force and the (hydrodynamic) tangential drag
force and surface piercing force being almost negligible by comparison.
Presumably.the friction force is small, but out of cui"'iosity it v;ii11 be
calculated here. First the inertia forces will be evaluated, followed
by the friction forces.
A. Inerti a forces
The total i nerti a force of the system is due to two mai n com-
ponents of the system; the four PVC pull eys and the test sampl e of 1 i ne.
The mass of the forcing rod itself is insignificant or the forcing rod
would also have to be included as contributing to the system inertia.
1. Pulleys
PpVC = 2.7 slugs/ft.3
volume/pulley ~ wD2 t = .0654 ft.34 P
where t = 1 inch, the thi ckness of the pulley
p
D = 12 inches, the pull ey di ameter .
So for fOUl"' pu 11 eys, tota 1 mass m becomes
p
m = .706 sl ugs .
p
The pull eys ate bei ng rotated, not translated, so the
maxi mum i nett; a force F p becomes
F = Ie
p 152
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,where I = mp(D/2)2 ,the polar moment of inertia of the
2
pull eys
ë = Aw2 ,the angular acceleration of the pulleys.
0/2
So,
F = m Aw2p p
2
For Aw2max = 7.55 ft. /S2, Fp becomes
Fp = 2.66 pounds.
2. Heaviest test sample - Sample 4
dry wei ght/ft. = .260 pounds/ft.
sample length = 33.5 ft.
(Tab 1 e 1)
So the mass of the sample ms becomes
ms = .272 slugs .
The peak transl ational i nerti a force Fs for Aw2max becomes
F s = ms Aw2max
F s = 2.05 pounds
So the total maxi mum i nerti a force Fi for the system is
Fi = Fp + Fs = 4.72 pounds.
B. Fri cti on forces
The friction force in the system is due mainly to the friction
in the needle bearings in the pulleys. Assigning a relatively large friction
coefficient (for needle bearings) to the bearings (ShigleYt 1963)t the
fri cti on force is ca 1 cul ated below:
The frict'ion torque Tf is defined as (ShigleYt 1963)
",97-
T f :; cfRTB2-
where cf = .010, fri cti on coeffi ci ent
RT = To/2, the radial bearing load
To= 50 pounds~ the tension in the test sample
B = .5 inches, beari ng bore
So,
T f = 177 inch-pounds .
Four four pull eys ~ each wi th a radi us D = 6 inches, the fri cti on force
2"
becomes
F f = 4T f = . 118 pounds
D/2
Obviously the friction force is small for nearly ideal needle bearings.
The following friction calculations are done with hindsight;
after performi ng the experiments and observi ng a fri cti on-domi nated wave-
form, it is interesting to backfigure and try to evaluate the real friction
coefficient that was encountered. The maximum obsei~ved static friction
was on the order of four pounds, so
Then solving for cf~
cf = F fD =. 34 .
4RB
F f = 4 pounds = 4Tf = 4cfRB
D/2 D
The observed fri ction coeffi ci ent was more than one order of magni tude
1 arger than the textbook val ue of the fri cti on coeffi ci ent for needl e
beari ngs.
-98..
APPENDI X 3
The ri ng dynamometer des i gn was based on three cons i derati ons :
first, it had to be designed so that the maximum force conditions would
not cause failure or inelastic behavior of the ring. To preclude failure
or inelastic behavior, aluminum with a very high tensile strength, Al
7075 T6, was used as the ring material, and its yield strength is 70,000
pounds per,square inch (psi). Secondly, the ring had to be sensitive
enough to resolve the forces caused by the hydrodynamic drag being studied.
This design requirement has to do with the strain gages and output device;
in conj uncti on wi th the SR-4 strai n gages on al umi num, the MFE chart
recorder wi th its hi ghes t sens i ti vi ty setti ng was capable of produci ng a
3 mff deflection per 1000 psi of applied stress. The chart paper width
was 50 rnm and the next highest sensitivity was 1.5 mm/1000 psi. And the
third consideration was that the ring not be of dimensions that made it
too di ffi cul t to fabri cate.
After sample calculations were performed to have a better under-
standing of the stress-strain equations for the ring geometry, a ring
radius R = 2.25 inches, width w = .5 inches, and thickness t = .0625 inches
were chosen after some juggl i ng of parameters to meet all three desi gn
requirements. The following calculations apply to a ring with strain gages
pl aced 90 degrees from the axi s of the force F (see Fi gure 6); the moment M
in the ring at the 90 degree point becomes (Roark, 1965),
M = . i 817 F R
= .4088 F, for R = 2.25 inches.
-99-
The stress (j is
(j :; Mcr
where c = t
"2
I=Vlt3
-i
so that
(j = 12M
t2
= 4.9056 F
t2
= 1255.8 F
The resul ti ng MFE chart recorder defl ecti ons are 1 i sted for several 1 cad
forces F, as follows:
F defl ecti on
J 1 bs . ) J.P (mm)
15 18,837 56.51
10 12,558 37.67
5 6,279 1 8 . 84
1.5 1 ,884 5.65
.15 188 .56
Based on the three design criteria, the dimensions given above
were chosen as being satisfactory. If high forces; i.e., forces greater
than about 6.5 pounds, were encountered, the chart recorder sensitivity
could be lowered. But if the forces were less than 6.5 pounds! the highest
-1 00-
sensitivity.setting could be used with single amplitude forces causing
chart recorder defl ections that woul d not exceed 25 mm. Even a force as
1 arge as 15 pounds waul d not cause the ri ng to be near fai 1 ure or near a
region of inelastic behavior. And a 1/16th (.0625) inch wall thickness,
although somewhat difficult to machine, would not be impossible to work
wi th .
The actual ri ng dimensi ons after machi ni ng were
R = 2.266 inches
w = .531 inches
t = .0618 inches
-101-
APPENDI X 4
The following calculations predict the tension needed in the
test samples in order to prevent transverse vibrations in the l2-foot
vertical test sample sections for the experimental oscillation frequen-
ci es:
Using the wave equation we find that
~ = To d2y
dt2 ps;;
where y is the 1 i ne defl ecti on
x is the di stance along the 1 i ne
pis the 1 i ne dens i ty
S is the 1 i ne cross sectional area
To is the tens"ion in the 1 i ne
or
fr == (j2 ~dt2 dX2
where c = j-~T.~ is the waves peed ~
pS
The natural frequency of vibration wn is given by
~r
w = n'T ~ = n'T C
-n 1 pS .,
where n = 1 ~ 25 3, .......
1 = 1 i ne 1 ength = 12 feet
We would like to determine the minimum tensionT~ so that wn ~~ 2.244 rad./s,
the highest oscillation frequencY5 for all test samples. So
T= tnl)2 pS
n'T
wl 2
Tmin = (;-) (pS)max
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For (pS)max= .0081 slugs/ft. for Sample 4 (see Table 1), ff w = 10 rad./s,
then Tmin = 12 pounds, and if w = 22 rad./s, then Tmin ; 57 pounds. So
depending on the definition of IImuch greater thanll, the choice of tension
can vary considerably. Fifty pounds was felt to be a good choice.
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